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A6.~trnct We investigate propmt im of t 11POlrct ric firld component parallel t o t he magnetic

field ( Ell ) in a three-dimcnsiomd XIHD simulation of plasmoid fm-nmtion ;md evolution

in the nmgnetot ail in the presence of n rwt dawn-dusk magnetic field component, WC

emplwsize particularly the spatial ]ocalizatioxl of Ell, the conm=pt of a diffusion zone and

the role of Ell in accelerating electrons. We find a localization of the rcgicm of enhanced

Ell in all space directions with a strong concentration in the : dircrt ion. We idcnt ify this

region as the diffusion zone. which plays n crucial role in rcconnectiml theory t.hrmlgh the

local break-down of magnetic flux conservation. The prcscncr of 13u implim n north-south

asyrnmet ry of the injmt ion of nccclcratcd part iclcs into the nmr-cnrt h region, if the nrt

Bv ficid is strong enough to form particles to follow field lines through the (Iiffusion region.

ll~e intimate that for a typicnl m% L?v field this should [Wect the injection of electrons into

the near-earth Awn region. so that precipitation into the northern (smlthmn) hemisphere

should dominate for duskward (dawnwar(i ) rmt l?y. In addition, we observe n spatial

clot. tirmss of the r.xpmt,cd injection of ll~in])lttic particles which c(NII(I lx! rclntrd to the

appearance of bright spots in auroras.



1. Intrmiuctioll

.Amajor characteristic of the magnet.ic rmmmcction proct=ss is tlw gmwratiou or existence

of a localized region where the idwd MHD condition E + v x B = O brinks down, so

th~.t the global connection of plasma rlmncnts th.ro~lgh magnetic field lines can charqy

as these elements move through tlw systmn [Az~ord. 1984; Schindltir ct aL, 19S8; Hewe

and Schindler, 1988]. In idcalizwl c[mfiglwations, and in particular if symmetries arc

prcsmlt, such a region, commonly Cidl(Yl the “diffusion region”. is associatt?d with nll X-

typr nmgnctic field topology [SW. r.g., Va.~yli74na.~, 1!)7L] imd with n Ilmgnrtic nuli-line, or,

more generally, a separator line (Mimxl l~y the int crsect ion of .sqmrnt rix surfaces hetwccn

topologicelly distinct magnetic regions [e.g., Sonnerup et al., 19S4]. In the general tbm-

dimensiomd csae, however, the prcscmcc of magnetic nulls, neutral lines m separators is

not necessary [Schindler et al, 1988]. The remaining characteristic of the diffusion region

is thmeforc the electric field property, which requires in particular the localized presence

of an electric field componrnt parallel to the nmgnctic field f:)r global chnngcs of the

mngnrtic connection [Schindhw ct al.. 1988:Hm~e and Schindlcr, 1988]. In the idmdizcd

fit’ld gromctries this parallel clrctrir firhi in thr diffusion rrgion (oaIl 1)(! idrlltifi(:(l with an

Ell nlong n separfltor or , if a mngnrtic mvltrnl .X-linr vxi~ts, wit,]] ILII Actric fichl fdOIlg

this .S-lilm [S()~n~Ti~p ct d., 1984],

In this pn~wr wc will inwv+tigntc tho lmqwrtics of thr (Iiffllsioll z(nw, nml in pmti~llllw

it~ slmtinl rxtm]t nml tlw r(mwvllw]N-rs ftw nflinlmtir Imrtirl(’ ~l(’(”(’lt’rlltlif)ll,011tll!’lw~i~of

n tllr(*t’-tlitll(*!lsl(~!l[\l NIHD sillllllntif}il of Illngl]f’t.it’ r(t(”f~illl(’{’t.i{~ilill :1 g(’(~lllngll{’tir tllil rfJll-

figllrnti[~tl witll(~~lt. Ilmgnvtic INIIIS. l)rt.i~lls of tlw hllII~ sillllllntioll IIIXS II(vwrilml (IIS(’WIWNI



[lJim and 17es.~e, 1989a], an ovm~”icw mm thr nmgnctic field evolution ti,nd the character-

istic topology changes is given in this isslw [Dim and Hcs.se, 19S91)].The cvtd~lt ion starts

from a self-consistent tail equilibrium aftm l?irn [19S9], which includm a net dawn-dusk

magnetic field component

and the equatorial planes.

structures and topological

BYN, that hrmks the symmetry around the midnight meridian

Despite the strong influence of this field component on ficlt-1line

connections. the evolution of the systmn rmrmins similnr to the

symmetric case, showing plasmoid formation nnd ejmtion , starting ~tt about, 100 Alfvt%

times.



2. Enhancements of Parallel Electric Fields

Using a general concept of magnetic rt?connc’cticm ( genmal magm~t.ic rwxmncct ion

(GNIR)), Schindler (.t al. [198S],‘andlfc.~.~cand Schindkr, [19SS] fmlud that in systems

wit h(mt zeros of B. magnetic rcconrwc.t ion with glotml t’fkcts r{’quircs t hc IJrcsmlcc of

pamllel electric fields in the diffusion zone with

@ = I E,l lfS #O (1)
fieldlinc

where the integration cwtends along n field line through the diffusion zone, iuld s is the arc

length coordinate.

In ‘:iew of this theory the question mises, whether the simulations of pla.smoid evolution

show the presence of a diffusion zcme with this property. In the simulation, the rmistivity

q was chosen to be constant. This might suggest that a possible reconnection zone, defined

by the spatial extent of Ell enhanccmcnts, were ~prcad dl over the simulation box rather

that }w~ilg localized. It is therefore of interest to irwmtigatc the spatial distribution of Ell

during the simulation run.

V!r stnrt our n.nalysis with the invvstigntion of the tcm~xmll wirint,itm of E’11dlwing the

sim~dntion, lor)kiug first at the vnrintion of Ell in the renter of the ldn SIIHLshvct, whmc the

maximlun Ell is found, Fig, 1 show~ thr vnrmt.ion of Ell n]oug tiw x nxis of t.hr simldntion

:x)x M, (Iiffrrent times. Thrrc i~ Ml (Jwiolls romvmtrntitm of E’ll with n ]Mvik l~t nlx)llt

.r = - 1(), w)~irh stmrts imnmlintrly nml sntllrntm W(W Iwf(;rr t lw I)lusilloi(l Ims Anrtr(l

t,t) [, JI’111. Notr tlmt tlw Illnxinllllll vnltl;w nttnimvl I)y Ell [lo II(:’ “:n.ry Iillwli with timr,

This inlidirs thnt S0111(” othw, possil)]y gr(nn(trir,dr(g(qtmust 1)(’r[’sl)tnlsil)h’ f[)r grlmwting



sufficiently high \alues of @ for rcmmncction. TYPslmll rctlwn to this problem in %ction

3.

To dcmcmstrate the further vxtcnt of the region of mdmncml Ell Fig. 2 shows as an

cxa.xnple the contour lines of Ell in thr cq~m.torical plaxw (a) an(l ill tlw micinight -mcridionzd

plane (b) at i = 165 (time units tlorlllidi~(m{l to typical .Alfvin crossing times). The shaded

area in Fig. 2a represents the rcgitm ~vlwrr Ell rxcecds 50 % of its miucimm]~ ~-alue. The

extent of this region ill the y-coordinate (lirrction is approximntcly gi}-cn hy Ay % 10.

about half of the Width of the simul~iti(~l~ 1x)x. An estimate of the extent in the z-direction

call hc obtained frmu Fig, 3, whicl~ si?~wvst.llc v,viation of Ell nnd of the cross-tail current

density jM (in dimensionless ~lnits) with z nt t = 165. The figure shows the concentration

of ju due to the compression of the plasma sht-wt in the reconnection region (Note that the

z-coordinat.c is normrdimd hy the initird scale of j“. ), and the rvcn stronger concentration

of Ell in the center of the current shrct,.

exceeds about 50% of its maximunl wdlw

We estimntc the width of the region where Ell

to & % 0.1, so that the ratio of the volume of

the mham-cd Ell region to the rntirc volumr is

ArAyAz

v
x 6 x 10-4 (2)



The fact that the volume of the diffusion zone is mmmro. implim that not a singlr fichl

line l~llt an entire rope of finitr Illilgnctic flllx IMussm through it illlti exhibits Pn!liulcrd Ell

with possil.dc consequences for accclmat ion of pnrtirl(w n.long t hsc field lines.



3. Particle ,\cccleration

The fiuantity relevant for the acceleration along n field line is the integrated potential

difference ~, given by (1). Thus we extend our ●nalysis to an integration of Ell along the

field lines to find the distribution and the maximum values of Q during the simulation run.

As an example, Fig. 5a shows a typical spiraling field line. belonging to the plasmoid, at

t = 165. Fig. 5b shows the variation of Q along that specific field line. Note that there is

a strong variation close to s = O, i.e., close to the center of the field line, located on the

x–axis at x = – 15. The rather weak ~-ariation of @ outside this ccntritl region is due to

some field aligned currents at the plasma sheet boundary of the model, associated with

parallel electric fields through the assum~tion of constant resistivity. The total voltage

drop corresponds to about 14.4kV on this field line, using a lobe field strength of 40nT

at the near-earth end, an initial plasma sheet scale size LZ x2R~ (half-thickness) and an

A!fv6n speed of 1000km/s.

The temporal variation of the maximum values of @ during the sirnulat!on run is plotted

in Fig. 6. It is obvious that the maximum values of@ increase strongly during the plaamoid

formation phase. At later times, while flux is still added to the plasmoid, the maximal

@ stays rather constcmt, nround m average value of about 19kV. Note that the steep

increase during the formntion t imc occurs although the maximum of Ell dots not vary

much, This implies that the three-flimcnsiomd tearing mo(lc changes tlw magnetic Held

geometry such that a set of fmld lilws is picking llP vmnlgh ‘firld ;lliglwd IJ{)t,cntial drop’

tc) allow rcccmncctiotl to Imwcwl. This lmqwr ty rnn nlso IN*srrli froln tlw forln of the

fkhl li~le in Fig. GA T1.c pnrt of ;,h;lt Iilw (jf forcr rkxwst t,() tlic x -nxis [L,i]lost ]ks id the

8



equatorial plane, due to the the fact that B N 1? e~ ~ there such that it picks up a rather

high t-due of J Eli Js.



.1. Electron Injection Patterns

Apart from theverylatetirnes. ~~llpl,~nl[~id fie!(llilles intllc~)rese~~t simulationconnect

with both ends to the boundary closest to Earth, as shown in the example of Fig. Ga. While

it seems obvious that a concentration of Ell cml act ~asa particle accelerator, up to energies

of more than 10keV, it is not clear that particles can follow field lines after acceleration.

Using the minimum magnetic field in the diffusion region of about lnT, an ch-xtron energy

of 15keV, and a plasmoid field line half lcngt h of 140R~ it is st might forward to estimate

an eiectron Larmor radius to be lCSS than (.).SR~, an 1? x B drift velocity to be at most of

the order of 200km/s, and a typical travel time for an electron to the z = O plane of about

20s, which is much smaller than the evolution time of the system.

Therefore, a considerable part of the accelerated electrons can follow field lines to the

end of the simulation box closest to the Earth. In order to investigate the distribution of

these accelerated electrons at this boundary, we map the concentrations of field aligned

voltage drops along the magnetic field to the z = O plane. Fig. 7 digplays the contour

lines resulting from this procedure for six different times of the simulation. The region

of enhanced electron precipitation lies in the southern hemisphere for westward net BY

chosen in this simulation, and preferably on the dawn side (The regions bounded by the

contour lines in the northern half-plane are no electron Prccipitati[)ll rcgi[ms duc to the

dirrction of J??ll.).

At t=95 Alfv6n times the distril}lltion of ml!mlmxl @ is still r:~tller Immd (prmcl (a))

with a Inflxinllllll @ of nlmllt, 5kV. At l~ltrr t,illlrs (l)nIN*l~(1)) (f )), (N](h(:;IJIS(W?ntl illcrrn.~ing

ronccntrtit.ion (If tllr rcgiom of firlfl lirws cnrrying higher lx)t,(~lltinl (Irol)s, Illltil, nt tillws

10



great er than about 190 .Alfv6n times. only a l’ery narrow clumpy region of the boundary

plane is intersected by field lines with high potmtial drops. .Assllming that these regions

are actually regions of elect rcm precipit <ation, we conclude that, the temporal mmlution

of magnetot ail reconnection may lead to an cllhanced precipit at ion of energetic electrons

in localized regions which decrease in spatial extent, resembling bright spot patterns as

ob.;erved in the aurora.

Fig. 8 shows the footpoints of field lines that, cross the x axis at the J = O plane. A

comparison with Fig. 7 reveals that the folded st ruct Ure of the foot, points closely matches

the main regions of enhanced precipitation patterns. The other regions are apparently

made of footpoints of field lines of different types. .4s an example, Fig. 9 Shows three

different types of such field lines for t = 212. It shows that high values of @ exist on some

lobe-type magnetic field lines, and also on field lines that cross the equatorial plane just

(mce near the “legs” of the plasmoid flu?. rope. High values of @ on field lines of this kind

can be interpreted as indications of magnetic reconnection on the flanks of the plasmoid.

The location of the precipitation region of adiabatic or nearly adiabatic particles relative

to the equator depends on the sign of the net By (in the

and in the northern for negative IIv ), The electric field

southei Ii hemisphere for positi’{e

direction implies that the major

part of the precipitation region of these electrons lies cm the dawn side of the midnight

meridional [llane.

The ion beha~rior is impossible to predict without actually integrating particle orbits

in t,he self-consistent fields, Tl~is is ({IW to t,lw fact that, iolu+ IWCOIIICIloIlit(li~~)llti(l h P

~entral plasma sht’ct region. orbit, calc~dat,ious in WI-11(Wfivl(l IIN)(h~ls [(1.g., L?/OTMand

11



Spiser. 1!3S2]indicate that such particles should become injected from the neutral sheet

into both hemispheres with about equid probability, so that no north-south asymmetry is

to be expected. The same result should hold for electrons if the net 13Y is so small that

they become non-adiabatic in the diffusion region, too.

While our present results suggest a north-south

the dawn side i[~ connection with sul-wtorms, one

asymmetry of electron precipitation on

must be aware that this preperty may

be covered, or at least be superposed. I)y other influences on the electron precipitation

pattern, such as electrostatic double layer structures [e.g., Block, 19S4; Reifl et al., 1988].

In this view, our results can be understood ,as providing indications of localized electron

precipitation and pattern formation thereof to be caused by general magnetic reconnection

in the tail leading to plasmoid formation and ejection.
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Fig. 1. Variat icm of the eiect ric field component parallel to the magnetic field along the

x–axis at different t imcs. The times are normalized to typical .Alfvdn crossing t imcs and

the electric field unit is 0.2 x 10-3 V/nl. The plots show a strong localization of Eli around

.r = —lo.

Fig. 2. Contour lines of the p;~rallcl rlectric field in the equatorial plane (a) and the

midnight meridional plane (b) at t = 164.92 Alfvdn times. The enhancmi contolu line in

the upper panel roughly indicates the line where Ell attains !lalf the maximum value.

Fig. 3 Plot of the parallel electric field and the cross-tail currrnt density vrrsus z in the

midnight meridian plane at x = – 11,25 at t= 165, The axis labels give the units of E,l,

while chmcnsionless values of ju iir(t gi~w:l I)y tl .C absolutr val~ws of the axis labels.

Fig. 4, Plot of the rclnt ivr ~wluxnr of the diffusion region vs. tim~’. Note that the

relative volume of the region of en]] :mced Ell is very snmil during the entire simulation

run, justifying the concept of a localizrd diffusion zone,

11’5



Fig. 5. (a) Typical spiraling plasmoid field line at time t = 165 Alfv6n times. This field

line was chosen to pass through the x axis at .r = – 15. .4s it is typical for plasmoid field

lines at this stage of the evolution. it comlects to the bol,ndaw closest to Earth with both

ends. (b) The lower panel shows the variation of @ with arc len~,t h s along the field line in

(a). The location of s = O corresponds to the x-axis at r = – 15. Note that in the central

region there is a steep increase in @ clue to the diffusion zone while the slow variation

along the outer parts of the field line are due to some residual field aligned currents and

the assumed constant rmistivity.

Fig. 6. Temporal variation of the maximum values of @ = ~Ellds. .4t ,Jarly times, the

graph shows a steep increase in the maximum values, indicating that the three-dimensional

tearing mode changes the geometry of the system in order to accommodate sufficiently high

values of 0 for magrmt ic reconnect ion. After the formation of the plasmoid, the highest

values of@ stay mound 19kV due to t,hc fact that magnetic flux is continuously added to

the plasrnoid structure.



Fig. S Footpoints at the r = () plane of field lines intersecting the x iixis at varying

~-alum of x for six later times (solid lines) and for the il~itial equilil~rimn (dashed lines).

Note that the footprints of pl~smoicl field lines show a rather large separation in the y-

direction. The folded structures of these footprints coincide with the regions of high @

in Fig. 7. The panels for the later times display an increased slope of the graph of the

footpoints close to the center, corresponding to a depolarization {Jf tl~c ,Lear Earth field.

Fig. 9 Typical field lines ending in the regions of high @ at t = 212. The majority of field

lines passing tlirmgh the diffusion zone are spiraling plasrnoid field lines. hut high values

of @ can also be found on open lobe-like field lines [and on the flanks of the plasmoid, on

distorted field Iincs that topok~gictdly hehmg to the class of simple dipole field lines.
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